Electrically conducting polymer formulations have emerged as promising approaches for the development of interfaces and scaffolds in neural engineering, facilitating the development of physicochemically modified constructs capable of cell stimulation through electrical and ionic charge transfer. In particular, topographically functionalized or neuromorphic materials are able to guide the growth of axons and promote enhanced interfacing with neuroelectrodes in vitro. In this study, we present a novel method for the formation of conducting polymer/gold assemblies via a combinational sputter and spin coating technique. The resulting multilayered PEDOT/Au substrates possessed enhanced electrochemical properties as a function of the number of deposited organic/inorganic layers.
Introduction
Biomimetic materials have received significant interest in biomedical engineering, with a focus on replicating the biochemical and physicomechanical properties of the extracellular or the cellular environment [1] . In particular, biomaterials functionalized to present neuromorphic properties have been studied extensively and have been shown to promote neural differentiation, neuron polarity, axon extension and to improve neural tissue regeneration in vitro [2] [3] [4] [5] . Encouragingly, recent studies indicate that neuromorphic materials which present micro-and nano-topographical features promote Schwann cell adhesion [6] . Other studies reported on carbon nanotube-based network mimicking the structure of extracellular matrix, for which the majority of neurons selectively grew along CNT patterns and extended further than neurites originally not following the pattern [7] .
Conducting polymers, due to their electro-active nature, have emerged as potential materials for neural engineering applications [8] . Critically, multiple conducting polymer chemistries have been previously shown to be biocompatible and have been explored in conjunction with biofunctionalization approaches, whilst serving as conducting mediators for external electrical stimulation with electrical current or electrical fields [9] . In this way, conducting polymershave been explored as organic coatings and scaffolds for the local delivery of bioactive payloads or electrical/ionic signals to promote neural stimulation and regeneration [10] [11] . To further enhance material-neural interactions, conducting polymers can be topographically modified with a wide range of advanced techniques, including lithography [12] [13] or imprinting [14] [15] methods. Gomez et al, [16] recently demonstrated that embryonic hippocampal neurons cultured on neuromorphic micropatterned polypyrrole substrates exhibited enhanced polarization relative to neurons grown on planar materials; polypyrrole features were also found to have the effect on number of cells as well as axon orientation. Conversely, surface chemical and biochemical patterning when applied to conducting polymer surfaces, has also been shown to regulate neuron adhesion, orientation and function in vitro [17] . Critically, synergistic effects have been accomplished by employing dual topographical and chemical functionalization approaches, as described by Jenkins et al who reported on an electrospun nerve guidance conduit functionalized with short peptide (Arg-Gly-Asp) and possessing intraluminal microchannels [18] . The resulting material was shown to guide neurite extension, as well as enhance cell survival and migration.
Recently, conducting polymers have gained attention as neuroelectrode coatings, as a function of their versatility and ease of deposition. Through electrochemical polymerization methods, conducting polymers can be easily grown directly on microscale substrates. This process is, however, limited to conducting substrates, such as platinum, gold or indium-tin oxide, which serve as working electrodes in electrochemical setups. Alternatively, physical techniques, such as spin and spray coating [19] or chemical vapor deposition [20] represent easy, fast and reproducible techniques for the preparation of homogeneous and well-integrated organic and inorganic films on both conducting and non-conducting substrates. Spin-coating in particular has been extensively employed for the generation  of  multilayer  thin  films  and  porous  scaffolds  from  (3,4- ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), an unique water-dispersed conducting polymer with significant application in bioelectronics [21] .
Noble metal particles have also been explored extensively for their potential as diagnostics and therapeutic biomaterials [22] . Recent works show that gold nanoparticles in particular can be applied in neural tissue engineering, for the development of neural prosthetic devices and bioelectronic interfaces [23] [24] [25] . Through a variety of physical and chemical approaches, noble metal particles have been formulated to create biomimetic architectures with neuromorphic applications [26] . Kim et al [24] recently described the formulation of a microscale radial geometry microelectrode possessing a unique gold nanograin structure, which demonstrated a 10-fold increase in electrical stimulation capability, a 69-fold decrease in impedance, as well as an extremely low noise level and high signalto-noise ratio. Critically, these neuromorphic and nanoscale features made it possible to evoke action potentials from neurons with the use of small (20-60 μA) biphasic current pulses. Similar results have been reported by Seker et al [25] , who observed a 25-fold improvement in the electrode-electrolyte impedance and a superior signal-to-noise ratio when conventional gold electrodes were replaced by self-assembled nanoporous gold films. In addition, Zhang et al [23] reported that layer-by-layer assembled films made from gold nanoparticles improved the charge storage capacity relative to nonlaminated films by one order of magnitude. Apart from the electrical advantages, gold nanoparticles have been found to enhance neurite outgrowth, modulate neuron depolarization as well as intracellular calcium signaling [27] .
Considering the advantages of conducting polymer systems and gold nanoparticle formulations, it was hypothesised that the combination of these two chemistries would result in the formation of composite material possessing properties outperforming both pristine components. In this study, we present a novel multilayer approach for the formation of conducting polymer/gold assemblies through sputter coating of gold and spin coating of the conducting polymer, poly (3,4- ethylenedioxythiophene) (PEDOT). As a result, a multilayered PEDOT/Au structure were formed, possessing properties highly dependent on the number of deposited layers. We show that through electrochemical conditioning it was possible to form neuromorphic fractal-like assemblies of gold particles with variable topography, which impacted significantly on the electrochemical and physicochemical properties of PEDOT/Au films. The biological performance of PEDOT/Au fractal structures were then verified in vitro by ventral mesencephalic (VM) neuron culture studies. 
Materials and Methods

Fabrication
Conditioning
To induce the self-arrangement of gold particles and form fractal-like architecture on the surface of PEDOT/Au films, experimental samples were immersed into 0.1 M KCl solution for 10 minutes and subjected to an oscillating potential application performed by means of a PARSTAT 2273
potentiostat and a three-electrode set-up, comprising a multilayer PEDOT/Au structure as a working electrode, Ag/AgCl as a reference electrode and Pt wire as an auxiliary electrode. The applied potential was oscillated between 40 mV and -40 mV for 40 s with a frequency range of 100 kHz to 100 mHz.
Electrochemical characterization
Electrochemical studies were performed by means of a PARSTAT 2273 potentiostat using cyclic voltammetry and electrochemical impedance spectroscopy (EIS) with the same three-electrode system as described above. EIS spectra were collected in 0. 
where t 1 is the beginning of CV cycle, t 2 is the end of CV cycle, and I is the current. 
Morphological and chemical characterization
Biological characterization
Ventral Mesencephalic Neuron Culture and Seeding.
Primary cultures of ventral mesencephalic (VM) neurons were obtained from the mesencephalon of embryonic Sprague-Dawley rats according to a procedure described previously [28] . In short, after dissection from 14-day old rat embryo midbrains, the ventral mesencephalon was mechanically dispersed with a pipette. The cells were cultured in media (Dulbecco's modified Eagle's medium/F12, 33 mM D-glucose, 1 % L-glutamine, 1 % PS, 1 % FCS, supplemented with 2 % B27) and grown in a humidified atmosphere of 5 % CO 2 at 37 °C on the surface of PEDOT/Au structures, as well as bare platinum, bare gold and pristine PEDOT:PSS. The specimens were designed to fit 6 well culture plates and sterilized for 2 hours in 70 % ethanol bath. After that, they were washed with Hank's balanced salt solution (HBSS), coated with poly-lysine (PLL) (Sigma) and rinsed three times with distilled (DI) water. After overnight drying, VM cells were seeded onto experimental and control substrates at a density of 50,000 cells per 1 cm 2 and 3 ml of the culture medium was added to each well. Half of the volume was replaced with fresh media every two days for a period of seven days.
Immunofluorescent Labeling.
To visualize neuron and astrocyte cell populations, indirect double-immunofluorescent labeling was used as described previously [29] . In short, after the fixation of cells with 4% paraformaldehyde and 1% of sucrose for 20 min, specimens were washed with PBS and permeabilized with 0.5% Triton X-100 within a buffered isotonic solution (10.3 g sucrose, 0.292 g NaCl, 0.06 g MgCl 2 , 0.476 g HEPES buffer, 0.5 ml Triton X 100, in 100 ml water, pH 7.2) for 5 min. 1% bovine serum albumin (BSA) in PBS was used to block the non-specific binding sites for 30 min. The specimens were incubated for 2 h with an anti-glial fibrillary acidic protein (GFAP) antibody (Sigma, 
where: L is neurite length (µm), n is the number of times neurites intersect with grid lines, T is distance between grid lines (µm) [31] .
Statistical Analysis for Cell Studies.
The biological experiments were conducted to include at least three biological replicas for each of the test groups and control group. The results were expressed as the mean of the values +/-standard error of the mean, unless otherwise stated. One way ANOVA followed by a Bonferroni test were performed to determine the statistical significance (p<0.05), unless otherwise stated.
Stability evaluation
The stability of PEDOT/Au multilayer structures and control substrates was determined by comparing the effect of 1000 stimulation cycles on the recorded current density [32] . The conditions of the process were chosen to simulate the parameters used for neural stimulation [33] [34] [35] 
Results and Discussion
Surface characterization
The variability of surface topography of bare metal substrates, pristine PEDOT:PSS and PEDOT/Au multilayer structures is presented in Figure 1 . It was observed that sputtered Pt and Au films ( Figure 1A and Figure 1B , respectively) formed homogeneous, uniform surfaces with a roughness of only several nm (Table 1) . Conversely, when a 13 nm thick layer of PEDOT:PSS was spin-coated onto the Pt seed-layer, the surface became less uniform and more rough, but no notable topography or fractal structures were present, even after the conditioning was performed ( Figure 1C) .
Following a gold sputtering process onto the PEDOT:PSS film ( Figure 1D ), the conditioning was observed to induce the self-assembly of gold particles aggregated into fractal-like structures, with the chemical composition confirmed by Raman and EDS spectroscopy ( Figure 1G,H&I and 442 cm -1 were assigned to oxyethylene ring deformations, and the bands at 702 cm -1 is the symmetric C-S-C deformation [38] . The vibrational modes of PSS are located at 1098 cm -1 and 990 cm -1 [37] . EDS spectrum further confirmed that that the fractal structures were composed of gold.
By increasing the number of layers and the overall gold content in the deposited films (Table   1) , the fractal geometries became increasingly developed, with well-defined fractal-like patterns observed in conducting films formed from 6 layers -PEDOT/Au(6L) and 7 layers -PEDOT/Au(7L) ( Figure 1E and Figure 1F , respectively). Interestingly, the size of gold particles (Table 1) was also found to vary with the number of layers, from a diameter of 91 nm for a single Au layer, to a diameter of 702 nm for PEDOT/Au(7L). Interestingly, neural interfaces presenting nanoscale roughness profiles, similar to that of the PEDOT/Au films in this study have been shown to promote neuron adhesion in vitro [39] . The Au particles incorporated into PEDOT/Au composites possessing a terminal layer of PEDOT were associated with a reduced diameter, attributed to an investing polymer layer. AFM analysis (Figure 2A ) confirmed that the surface of PEDOT/Au(7L) substrates was relatively smooth, with the incorporated Au particles observed to be approx. 50 nm in diameter ( Figure 2C ). Although the presence of a surface PEDOT:PSS layer made it difficult to observe the Au fractal geometry, AFM phase imaging ( Figure 2B ) allowed the detection of localized variations in film stiffness and visualization of the spatial distribution of the PEDOT:PSS matrix and Au domains [40] .
Since stiff metal regions had a more positive phase shift than a less stiff polymer regions, they appeared brighter in AFM phase imaging [41] [42] .
Since the process of electrochemical conditioning was necessary to observe the formation of neuromorphic PEDOT/Au structures, it was supposed that the origins of this unique self-assembly phenomenon arose from the specific interactions between PEDOT:PSS and gold under aqueous conditions. Unlike the majority of conducting polymers, PEDOT:PSS can be easily dispersed in water.
When the layered structure of PEDOT:PSS and gold was immersed in aqueous solution, the matrix partially swells and enables gold particles to migrate and agglomerate. This process may be additionally enhanced by matrix polarization with small positive and negative potentials, allowing gold particles embedded into PEDOT:PSS matrix to undergo oxidation and reduction processes, as described by Masitas et al [43] . Furthermore, PEDOT:PSS provided an environment in which gold ions could migrate yet preventing them from moving into bulk solution, facilitating the formation of fractal-like geometries. This was supported by the fact that conducting polymer blends also demonstrate self-assembled fractal-like networks, especially for conducting polymers exhibiting socalled "semi-compatibilization" [44] .
Dendritic morphologies have been identified in neural structures at the micro and nanoscale, indicating their functional relevance in neural processes [45] and fractal shapes have been found in retinal [46] , thalamic [47] and dorsal horn spinal cord neurons [48] . The presence of topographical fractal-like geometries on conditioned PEDOT/Au multilayer structures may present both electrochemical and biological benefits to neuroelectrode systems. It has been confirmed that fractal interfaces possess improved electrical propertiesthrough increasing the electrode surface/interface area, facilitating charge transport and increasing the concentration of charge carriers [49] . The fractallike arrangement of gold particles, especially in case of PEDOT/Au(6L) (Fig,1E) , were observed to resemble dendritic microroots and microbranches. Similar type of topography has been already described by Yang et al, who explored metallic dendrite-like structures in electrically conductive composites as microelectronic devices [50] . Similarly, Dominkovics et al described the fabrication of metallic dendrites through electrochemical migration, and characterized these structures through fractal analysis [45] . Consequently, neural interfaces presenting a nanoscale roughness profile, similar to that observed with the PEDOT/Au films in this study have been shown to promote neuron adhesion in vitro [39] . Furthermore, contact guidance of neurites has been observed in vitro with neurons cultured on grated topographies as shallow as 14 nm [51] . Interestingly, complex fractal-like topographies have been shown previously to have potential uses for the development of cell culture microsystems, scaffolds for tissue repair and implants for tissue repair in general [52] . 
Electrochemical performance
A high charge storage capacity (CSC) and low electrochemical impedance profile represent the ideal parameters for the design of neural electrodes [53] . Thus, the selection of the most favourable PEDOT/Au multilayered structure was realized by comparing their CSC and impedance values. The electrochemical performance, with respect to CSC and electrical impedance of layered Au/PEDOT electrodes, was observed to improve with increasing layer number ( Figure 3A) . The optimum number of layers for electrode fabrication was found to be 7, which demonstrated a high CSC and low electrical impedance, therefore PEDOT/Au(7L) was chosen for further evaluation. Both cyclic voltammograms ( Figure 3B ) and impedance spectra in form of a Bode plot ( Figure 3C ) indicated that the electrochemical parameters, i.e. charge storage capacity and impedance, were improved for PEDOT/Au assemblies when compared with bare Pt, bare Au and pristine PEDOT:PSS films. The evolution of the area under CV curve is a visual guide showing the increase in the charge storage capacity. Indeed, a significant increase in CSC from 1.5 ± 0.2 mC/cm 2 and 7.4 ± 0.5 mC/cm 2 for bare
Pt and Au, respectively, through 15.0 ± 2.7 mC/cm 2 for PEDOT:PSS, up to 34.9 ± 2.6 mC/cm 2 for
PEDOT/Au(7L) was observed. Since CSC gives information about the amount of charge that can be stored within the electrode, higher CSC values indicate that a material can produce a higher current density, facilitating a reduced electro-active area and electrode miniaturization [54] . In addition, electrodes presenting a high CSC facilitate neural electrostimulation within a safe voltage range.
Electrochemical impedance values at 1 kHz are used as a benchmark when analyzing the efficacy of conducting polymer electrode systems as the frequency range of 300 Hz to 1 kHz, is relevant in biological stimulation applications [55] . PEDOT/Au assemblies were observed to possess low electrical impedance profiles over the complete frequency region, significantly lower than all control groups, with an impedance magnitude of 30 ± 2 Ω at a frequency of 1 kHz. This observed reduction in electrochemical impedance is of significant concern for the development of electrodes designed for recording of neural electrical activity, providing a high signal-to-noise ratio [25] .
Critically, the electrochemical properties of the PEDOT/Au assemblies were observed to improve upon other comparable electroactive materials reported previously. Chen et al. [56] presented PEDOTcoated dry electrodes with a CSC of 1.28 mC/cm 2 and an electrical impedance of 2.7 ± 1.2 kΩ at 100
Hz. PEDOT:PSS coatings fabricated by Guex et al [57] induced a decrease in impedance modulus at 1 kHz of more than one order of magnitude (from 45.27 ± 2.62 kΩ for Pt to 2.6 ± 0.66 kΩ for PEDOT:PSS of 0.6 μm thickness).Furthermore King et al. [55] , reported a CSC of 26.1 mC/cm 2 and
an electrical impedance at 1 kHz of 319 Ω for PEDOT:PSS. Critically, these coatings exhibited impedance values at least one order of magnitude higher than the 150 nm thick PEDOT/Au assemblies studied herein.
The electroactive materials explored in this study were designed to work at the biological interface, hence it was necessary to assess the polarisation of electrodes as a result of a recurrent physiologically relevant stimulus [32] [33] [34] [35] . When subjected to the recurrent biphasic potential pulse of +0.5 V/-0.5 V (Fig.3D ), all experimental groups displayed an initial ohmic current drop, followed by gradual interfacial polarization. as reported previously [58] . The lowest polarisation, however, was noted for multilayered PEDOT/Au substrates and the presence of neuromorphic PEDOT/Au assemblies were found to reduce electrode polarisation by a factor of three [59] . with no statistical difference between these two substrates and comparable with other structured neural interface materials [29, [61] [62] [63] .
Cytocompatibility studies
The neurite outgrowth length was also quantified in β-tubulin III positive cells cultured on all experimental and control groups ( Figure 4F) , and was observed to increase from 123 ± 6 m on Pt;
156 ± 6 m on Au; through 244 ± 4 m on pristine PEDOT films, to 303 ± 12 m on PEDOT/Au assemblies. These results agree with previous data which shows a similar increase in neurite outgrowth on gold with respect to the platinum [64] , as well as facilitated neurite growth on materials containing PEDOT [65] [66] . A synergetic effect is observed in this study with dual PEDOT/Au assemblies. The enhanced neurite outgrowth is hypothesized to arise from the advantageous chemistries of PEDOT and Au, in conjunction with the physical cues arising from the biomimetic topography of conditioned PEDOT/Au substrates. This effect was reported previously by Kofron et al.
[1] and Dubey et al. [51] , employing substrates with anisotropic topographies although the role of randomly, self-affine fractal-like PEDOT/Au substrates on stimulating the neural cell machinery to support outgrowth and adhesion has not been previously described. 
Conclusions
In this study, it was shown that organic-inorganic composites formulated of alternating PEDOT and sputtered gold films form fractal-like Au particle assemblies following conditioning under aqueous conditions. Self-assembled neuromorphic substrates demonstrated superior electrochemical and biological properties relative to pristine Pt, Au and PEDOT electrodes.
PEDOT/Au assemblies were observed to possess advantageous electrical properties, in terms of high charge storage capacity and low electrical impedance. Owing to the unique microtopography of PEDOT/Au assemblies, these films induced a significant increase in neurite outgrowth in VM derived neural populations, and maintained the highest neuron-to-astrocyte surface coverage ratio among all experimental and control groups. Furthermore, PEDOT/Au films were fabricated via a facile sputter coating and spin coating approach, a technique which can be scaled-up for industrial applications and demonstrates promise for the fabrication of applied neural interfaces.
